In tungsten carbide tools fabricated by sintering WC and Co, mechanical properties are strongly governed by the distribution and number of W atoms that diffuse from WC grains into Co regions. This paper reports on the use of Auger electron spectroscopy (AES) to determine the concentration of W atoms diffused into a Co region across the WC/Co interface in a tungsten carbide tool. Directly analyzing the distribution of diffused W in the Co region near the WC/Co interface by AES is difficult because the Auger signal derived from the WC grain by the backscattering effect cannot be ignored. We propose a practical method for estimating the W concentration across the WC/Co interface by taking into account the backscattering effect. We prepared a WC/Co model sample with negligible W diffused into the Co region. The AES line profiles of W and Co across the WC/Co interface in the model sample agreed with the line profiles calculated by Monte Carlo (MC) code taking into account the backscattering effect. Then, we measured AES line profiles over a WC/Co/WC region in a real tungsten carbide tool with W diffused into the Co region and we calculated profiles without W diffusion into the Co region by MC code. The W distribution in the Co region was estimated by taking into account the backscattering effect: The calculated profile was subtracted from the measured profile to remove the background component introduced by the backscattering effect.
Introduction
Tungsten carbide tools used for metal cutting, drilling, and milling are fabricated by sintering WC and Co at high temperature. After liquid-phase sintering, the WC grains are partly surrounded by Co binder, and W is also dissolved and diffused from WC grains into the Co region. The amount and distribution of W atoms diffused into the Co region strongly govern the mechanical properties of the cutting tools [1] . Analysis of Co regions in tungsten carbide tools is typically done by Auger electron spectroscopy (AES) [2] . In particular, when the distribution of W is analyzed in a Co region over ~1 m wide, AES using an incident electron beam diameter of about 10 nm seems to be effective. However, Auger electrons are also generated up to several hundred nanometers away from the incident point by the backscattering effect [3] , and little is known about the distribution of backscattered electrons in the Co region near the WC/Co interface, hindering understanding of the distribution of W.
The aim of this study is to develop a practical method for estimating the amount and distribution of W atoms diffused into the Co region near a WC/Co interface by AES with the help of Monte Carlo (MC) simulation. We measured AES line profiles across the WC/Co interface in a sample prepared from a real tungsten carbide tool. The concentration of W diffused into the Co region in the tungsten carbide tool is estimated by considering the backscattering effect with the help of MC code. The effectiveness of the reproduction of the backscattering effect near the WC/Co interface by using the MC code is confirmed by comparison between the calculated line profile and the measured line profile of a WC/Co model sample with negligible W diffused into the Co region.
Experiment and calculation 2.1. Preparation of model sample
A WC/Co model sample, in which W diffusion into the Co region was negligibly small, was prepared by electrodeposition of a Co film onto WC grains. Figure 1 Copyright (c) 2014 by The Surface Analysis Society of Japan Journal of Surface Analysis Vol. 21, No. 1 (2014) shows the preparation procedure. First, WC grains were embedded into a Cu plate by using a press. Next, a Co film of a few tens of micrometers in thickness was electrodeposited onto the WC grains on the Cu plate in an electroplating bath containing CoSO 4 ·(H 2 O) 7 , H 3 BO 3 , and Na 2 SO 4 at room temperature [4] . To prepare a flat WC/Co interface, the (0001) facet of a WC grain was selected as the deposition surface. Finally, the WC/Co interface was fabricated by focused ion beam (FIB; SMI3050TB, SII NanoTechnology) as done in sample preparation for the cross-sectional transmission electron microscopy: a crosssectional sample is prepared by FIB milling, and a WC/Co interface is cut out and attached to a Cu mesh (SII NanoTechnology). To protect the edge of the Co film from the damage by the Ga ion beam used in FIB processing, a carbon film was deposited on the Co film. The sample was 1 m thick, with dimensions of 10 by 38 m in the plane of AES analysis along the directions perpendicular and parallel to the WC/Co interface, respectively. The Ga ion beam voltage was 30 kV, with beam current of 13 nA for rough milling and 700 pA for finish milling.
Preparation of tungsten carbide tool sample
The tungsten carbide tool sample was prepared by liquid-phase sintering of WC grains and Co above 1000C. Then, the surface of the sample was polished by using a cross-section polisher (SM-09020, JEOL) with an Ar ion beam (beam voltage, 5 kV; beam current, 100 μA; sputtering time, 7 h).
Measurement of AES line profile
An AES apparatus (PHI 700, ULVAC-PHI) was used to measure the distributions of the W-MNN and Co-LMM peak-to-peak intensities across the WC/Co interfaces in the model and cutting tool samples. The W-MNN and Co-LMM signals are at 1738 and 778 eV in differential energy spectra, respectively. Line profiles were measured over a length of about 2 μm. The electron beam voltage was set at 20 kV to obtain a W-MNN peak with high intensity, and the beam current was 10 nA. The beam spot size was 13.5 nm, which was defined as the full width at half-maximum measured by the knife edge method. The angle of the incident electron beam was 0°. By scanning electron microscopy (SEM), we aligned the sample tilt by achieving the sharpest contrast (i.e., highest spatial resolution) of the WC/Co interface. In this way, we ensured that the WC/Co interfaces were in the plane parallel to the incident direction of the primary electron beam.
To quantitatively analyze W in the Co region, the average matrix relative sensitivity factors (AMRSFs) of Co and W were calculated in accordance with ISO 18118. A Co-W alloy was used as a standard sample for the calculation of AMRSFs. The concentrations of Co and W were 90.2 and 9.8 at%, as determined by using an electron probe microanalyzer (JXA-8530F, JEOL). The calculated AMRSFs of W-MNN and Co-LMM were 0.401 and 0.161, respectively.
Calculation of line profile
The theoretical distributions of the W-MNN and Co-LMM Auger peak intensities across the WC/Co interfaces were obtained by the following numerical method. Crosssectional layer models containing a WC/Co or WC/Co/WC interface with no diffusion of W into the Co region were considered for the model or tungsten carbide tool samples, respectively (see the SEM images shown in the insets of Figs. 2 and 3). The trajectory and kinetic energy of primary electrons in the sample were calculated by Monte Carlo simulation software (CASINO version 2.48). The algorithm and models employed in CASINO are detailed elsewhere [5, 6, 7, 8] . The primary energy and number of primary electrons were 20 keV and 5,000. The electron beam size was 10 nm in diameter and the incident angle of primary electrons was 0°. The options in CASINO selected for the present calculations were as follows: The total and differential elastic scattering cross sections were Mott cross section, the stopping power was described by Joy-Luo equation, the random number generator was set to the algorithm given by Press et al., and the directing cosine was described by Drouin model.
To calculate AES line profiles, we took into account electron trajectories within depths ranging from the surface to 5 nm. To describe ionization, Casnati's cross section [9] was employed, and the ionization energy values of the W-M and Co-L shells were taken as 1810 and 779 eV, respectively [10] . Under these settings, some number of ionization events occurs for each shell within the region up to 5 nm deep. This number is treated as the Auger peak intensity. The fluorescence yield (Auger yield) and the decay of the Auger peak intensity due to scattering are not taken into account. Note that it is found that this simplified model can describe the shape of the AES line profiles with reasonable accuracy, as discussed below. The calculated W-MNN intensity decreases to almost zero at the middle of the Co region, which is approximately 500 nm from the WC/Co interface. In contrast, the measured profile shows nearly constant intensity of 0.18 within the Co region. Assuming that the intensity of the measured W-MNN profile within the Co region comes from the backscattering effect due to neighboring WC grains and from W atoms diffused into the Co region, the difference between the measured and calculated W-MNN profiles can be regarded as the net intensity of W-MNN derived from the W atoms diffused into the Co region. The assumption is of limited effectiveness in quantitative analysis using relative sensitivity factors (RSFs) because the quantification using RSFs is accurate for the homogeneous bulk sample surface and because parameters including the backscattering factor used in the calculation of AMRSFs depend on the position in the present system. Under the present assumption, the concentration of W in the Co region was estimated from the difference between calculated and measured intensities at the middle of the Co region since the W-MNN intensity due to backscattered electrons is negligible at the middle of the Co region, as seen in the calculated profile in Fig. 3(b) . In this way, we obtained a reasonable estimate of the W concentration by quantification using AMRSFs. The concentration of the W atoms diffused into the Co region, relative to Co in the Co region, was estimated to be 2.4 at%. According to the binary phase diagram of WC-Co [11] , the degree of solubility of WC in Co is 15 at% at 1320°C, which is the freezing point of Co, and the solubility decreases toward a few atom percent with decreasing temperature, suggesting that the present results seem to be reasonable.
Results and discussion

Summary
In this study, quantitative analysis of W diffused into the Co region in tungsten carbide tools was investigated through AES measurements and MC simulation. For this purpose, a simple calculation model was used to calculate AES line profiles across the WC/C interface. To assess the proposed method, a model sample of the WC/Co interface with negligible diffusion of W was prepared. The results revealed that the method can provide a reasonable estimate of the concentration of W diffused into the Co region. Consequently, this approach was found to be effective for quantitative analysis of the diffusion of W in the Co region at 1 m from the WC/Co interface in tungsten carbide tools. A detailed investigation of relation between the amount of W diffused into Co region and the mechanical properties of tungsten carbide tools is underway and will be reported soon. Journal of Surface Analysis Vol. 21, No. 1 (2014) 
